Abstract. The CERN High energy AcceleRator
protons per second. The extracted proton beam impacts on a cylindrical copper target. The shielding of the CHARM facility includes the CERN Shielding Benchmark Facility (CSBF) situated laterally above the target that allows deep shielding penetration benchmark studies of various shielding materials. This facility has been significantly upgraded during the extended technical stop at the beginning of 2016. It consists now of 40 cm of cast iron shielding, a 200 cm long removable sample holder concrete block with 3 inserts for activation samples, a material test location that is used for the measurement of the attenuation length for different shielding materials as well as for sample activation at different thicknesses of the shielding materials. Activation samples of bismuth, aluminium and indium were placed in the CSBF in September 2016 to characterize the upgraded version of the CSBF. Monte Carlo simulations with the FLUKA code have been performed to estimate the specific production yields of bismuth isotopes ( 206 Bi, 205 Bi, 204 Bi, 203 Bi, 202 Bi, 201 Bi) from 209 Bi, 24 N a from 27 Al and 115m I from 115 I for these samples. The production yields estimated by FLUKA Monte Carlo simulations are compared to the production yields obtained from γ-spectroscopy measurements of the samples taking the beam intensity profile into account. The agreement between FLUKA predictions and γ-spectroscopy measurements for the production yields is at a level of a factor of 2.
Introduction
The CERN High Energy AcceleRator Mixed field facility (denoted CHARM) has been constructed in the CERN Proton Synchrotron (PS) East Experimental Area in 2014 [1] . The facility receives a pulsed proton beam from the CERN PS with a beam momentum of 24 GeV/c with 5·10 11 protons per pulse with a pulse length of 350 ms and with a maximum average beam intensity of 6.7·10 10 p/s.
The extracted proton beam from the PS impacts on a cylindrical Copper or Aluminium target and the created secondary radiation field is used to test electronics equipment installed at predefined test positions.
The shielding of the CHARM facility [2] also includes the CERN Shielding Benchmark Facility (CSBF) situated laterally above the target [3] . This facility allows deep-penetration benchmark studies of various shielding materials [4, 5, 6, 7] . The CHARM facility at beam line level is illustrated in figure 1 indicating the direction of the beam coming from the Proton Synchrotron (PS), the CHARM target, the target alcove for storing the target during access and movable shielding walls. An activation experiment campaign was performed in 2015 at the CSBF for the characterization of the facility [8, 9, 10] and, based on our experience, we decided to upgrade the CSBF in 2016 in order to simplify the exploitation of the facility and to integrate new functionalities. In order to understand and characterize the radiation fields in the upgraded CSBF, activation samples were placed in the CSBF in September 2016. Monte Carlo simulations with the FLUKA code [11, 12] have been performed to estimate the specific production yields of several bismuth isotopes, 24 N a and 115m I for these samples. This paper describes the comparison between the estimated values from FLUKA and the activation measurements performed in September 2016 with bismuth, aluminium and indium disk samples of different sizes in the upgraded CSBF. The CERN Shielding Benchmark Facility (CSBF) has been significantly upgraded during the extended technical stop at the beginning of 2016. The CSBF upgrade allows for easier manipulation and for having more exploitation possibilities of the facility [10, 13] . The design of the upgraded CSBF was based on FLUKA simulations.
During the operational period of 2016, the CSBF consisted of 40 cm cast iron shielding, 360 cm of standard concrete, barite concrete and cast iron shielding that are part of the three main possible configurations of the CSBF. These three main possible configurations allow measurement at the removable sample holder concrete block (which is also the nominal configuration of the facility during the nominal CHARM facility operation), on the CSBF platform and in the shielding material test location.
Removable sample holder concrete block
The removable sample holder concrete block was needed for the facilitation of the handling procedure of the activation samples or passive dosimeters in order to place them deep inside the CSBF shielding and irradiate them. For this reason, the removable sample holder concrete block provides of 3 slots of 10 cm x 10 cm cross section that are centered along the vertical axis of the block, so that they can be filled with the samples. In figure 2 
CSBF platform
The CSBF platform was created at 560 cm above beam line level, indicated in figure 2, and allows placing active detectors or dosimeters attached to phantoms on the top of the shielding, for measuring their response to a deep penetration neutron spectrum. In order to use the platform, two barite concrete blocks of 120 cm height have to be removed. The CSBF platform measurements can be performed in parallel to activation measurements at the removable sample holder concrete block activation measurements.
Shielding material test location
The shielding material test location was designed for measuring the spectrum averaged attenuation length (λ) of various shielding materials (e.g. standard concrete, barite concrete, hematite concrete, colemanite concrete, magnetite concrete and cast iron). The available blocks are of 20, 40 and 80 cm thickness and for each material the ambient dose equivalent rate can be measured up to a shielding thickness corresponding to approximately 4λ or 5λ (depending on the material). The spectrum averaged attenuation length can then be determined by a second ambient dose equivalent rate measurement with an additional shielding layer, ideally with a thickness of the order of 1λ. To perform these measurements the removable sample holder concrete block has to be removed from the shaft so that there is a collimated radiation field heading directly to the shielding material test location. FLUKA simulations have been performed and have shown that the contributions from neutrons scattered on the side walls of the shaft and the surrounding shielding structure are less than 3% of the ambient dose equivalent rate. 
Beam parameters and configurations
This section presents the beam parameters and the facility configurations that were used during the activation experiments in September 2016. The beam intensity was measured with a Secondary Emission Chamber, whose measurement values are logged in the CERN measurement database. An intensity calibration factor was applied to the counts per pulse to obtain the number of protons per pulse. This calibration factor had been previously obtained with aluminium foil activation measurements using sodium isotopes with a statistical uncertainty of 7% of the γ-spectrometry analysis [14] .
A beam size of 1.2 cm x 1.2 cm Full Width at Half Maximum (FWHM) was used for the FLUKA simulations as specified in the layout of the beam line and confirmed by online beam profile measurements [14] .
The average beam intensity of CHARM, binned in 5 minutes long intervals, from July 6 to July 12 and from September 16 to September 22, 2016 when the experiments were conducted, is shown in the figure 4 and figure 5 respectively. The first irradiation period corresponds to the irradiation of the aluminum samples, the second to the irradiation of the bismuth samples and the third to the irradiation of the indium samples.
The beam passes through the upstream Proton Irradiation facility (IRRAD) before impacting on the CHARM target. During the period of the experiment, Silicon samples with a total thickness of 0.2 cm were placed into the beam in IRRAD and these samples were also taken properly into account in the FLUKA simulations.
The shielding layout of the CSBF as implemented in the FLUKA simulations is shown in figure 2 . The chemical composition of the concrete, the barite concrete and the cast iron implemented in the FLUKA Monte Carlo simulations for the shielding with their respective densities are listed in table 1 and in table 2. During the activation experiment, the copper target of 8 cm diameter and 50 cm length has been used inside the CHARM facility. Inside the target room, there are four movable shielding walls, each of 20 cm thickness and made out of concrete or iron. They can be placed between the target and the irradiation positions for electronics components inside the CHARM facility in different combinations, so that the irradiation spectra are adjusted to the desired radiation field (energy and intensity) during the tests. The movable shielding walls are also indicated in the figure 1. For this activation experiment, only one configuration of the four movable shielding walls was used during the different irradiation periods, namely all movable shielding walls retracted from the facility. The configuration has been properly taken into account in the FLUKA Monte Carlo simulations. 
Comparison of FLUKA simulation results to measured production yields
The simulation results were obtained by first scoring the neutron fluence spectra with FLUKA. Then, the neutron fluence was folded with cross section data for the bismuth isotopes, 24 N a and 115m I [16] , shown in figure 6 , to obtain the predicted production yields per atom per primary proton on the target.
The activities of the bismuth isotopes, 24 N a and 115m I were measured for the bismuth, aluminum and indium samples respectively using γ-spectrometry, sometimes even at different cool-down times. In case of multiple samples for the same materials at the same position or multiple γ-spectrometry measurements of the same sample, the activities selected were the ones with the lowest uncertainty of the γ-spectrometry measurements. These activities have been converted to the production yields by taking into account the corresponding irradiation profiles with 5 minutes long binning and the corresponding cool-down times.
The production yields predicted by FLUKA and measured by γ-spectrometry are presented in figure 7 and in table 4. The agreement between FLUKA predictions and γ-spectrometry measurements for the production yields is generally better than a factor of 2.
The contributions that have been taken into account for the uncertainty estimation are shown in table 5. The uncertainty of the beam size has negligible impact on the results as verified by FLUKA simulations. The materials placed in IRRAD during the period of the experiment were taken into account in the simulations. The uncertainty of the production yields coming from the uncertainty of the materials placed in IRRAD is far below 1%. A hypothetical change in the concrete density would provoke a change on the slope of the dependence of the yields on the depth of the shielding plotted in figure 7 and the effect of the change would increase with increased shielding thickness.
The cumulative distribution to the production yields as function of the neutron energy is presented in figure 8 for the sample placed at a concrete shielding thickness of 160.35 cm in the CSBF. From this figure it can be seen that for sodium-24, the neutron energy range contributing to the production yield is quite large whereas for the bismuth isotopes the energy ranges are narrower and located around the respective cross section peaks. The 10%, 25%, 75% and 90% quantiles of the production yield distribution for the various radionuclides, are presented in table 6, quantifying this effect. In(n,n') 115m
In Figure 6 . Production cross sections of the bismuth isotopes, 24 Na and 115m I as a function of the neutron energy [16] . Table 5 . Uncertainties taken into account for the uncertainty estimation of the production yields.
Source of uncertainty Uncertainty on production yield
Simulations Statistical uncertainty 1.4-5.4 % Concrete density * 0.5-10 % * * Measurements γ-spectrometry 1.3-14 % * * * sample weights 1 % beam intensity 7 % beam momentum < 1 % beam position and profile < 1 % target density < 1 % target dimensions < 1 % * Uncertainty of the concrete density is 0.05 g/cm 3 . * * The concrete density uncertainty leads to an uncertainty of the production yield of 0.5% for 10.5 cm of concrete and of up to 10% for 200 cm of concrete. In Figure 8 . Cumulative contribution to the production yields at a concrete shielding thickness of 160.35 cm as a function of the neutron energy. Table 6 . The 10%, 25%, 75% and 90% quantiles of the production yield distribution for the various radionuclides at a concrete shielding thickness of 160.35 cm.
Neutron Energy [MeV] Radionuclide q 0.1 q 0.25 q 0.75 q 0.9
